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© Process for cross-linking collagenous materials and resulting product 

© The present invention relates to a process for cross-linking a proteinaceous material. The process com- 

?! lSQS L ",h atonal rn he cross-linked in an aqueous solution of high osmolality; ii) incubating the material in 
,) soaking the material to be cross linked in an a 9^ sufficient to catalyze photooxidation of the 

Z^JST, ^her embodiment, the present invention relates to a cross-linKed product produced by the 

above-described method. 
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PROCESS FOR CROSS-UNKING COLLAGENOUS MATERIALS AND RESULTING PRODUCT 

BACKGROUND OF THE INVENTION 

This invention relates, in general, to a process for cross-linking and stabilizing proteinaceous material 
5 and in particular, to a process for photooxidizing collagenous material in the presence of a photo-catalyst to 
cross-link and stabilize that material. The invention also relates to the resulting cross-linked product 

Reagents and processes currently used for protein cross-linking generally depend upon the incor- 
poration of the cross-linking reagent into the protein matrix to cross-link the .-amino groups of lysine 
hydroxyzine, and/or other groups in the protein. Common cross-linking reagents in such processes 
o include formaldehyde and glutaraldehyde: other processes include the introduction of a phthaloyl or adioovl 
moiety into the protein via phthaloyl dichloride or adipoyl dichloride, respectively, and/or the introduction of 
a mercaptan for oxidization to a disulfide bond. 

Most such cross-linking processes involve incorporating the reagent into or around the protein For 
example, recent data by Cheung and NImni (Connec. Tissue Res. 10 201 (1982) and Connec Tissue Res 
s 13 :109 (1984)) on the cross-linking reagent glutaraldehyde indicate that when this reagent is used to treat 
conagen fibnls, for example, a polymeric-like coating forms around the fibrils, resulting in stiffer collagen 

In contrast, the cross-linking method disclosed and claimed herein does not depend upon incorporation 
of a cross-linking reagent into the material to be cross-linked or the coating of the material with a cross- 
linked reagent. The present process involves a photooxidative dye which acts as a cross-linking oxidation 
catalyst or promoter and which can be removed from the cross-linked product. 

The use of photooxidative catalysts in various photooxidation processes has been previously reported 
(see e.g . Ray, Method in Enzymol. U :490 (1967); Westhead. Biochem 4 :10 (1965); Ray and Koshland 
Jr.. J. Biological Chem. 18 :409 (1967); and Foote, Science 162 :3857 (1968). However, they do not appear 
to have been used for cross-linking proteinaceous materials. For instance, Ray and Koshland Jr supra 
used methylene blue and light to photooxidize the enzyme phosphoglucomutase in an attempt to ideWfv 
the ammo acid residues of that protein which are essential to the activity of the enzyme by selective 
destruction of amino acids. Likewise. Westhead. supra , inactivated yeast enolase by photooxidation of 

histidine residues with the dye rose bengal. 

Excitation of a dye by light has also been used to covalently couple the dye to a protein (Brandt et al 
B t ochemistry 13 : 4758 (1974)). and that technique has led to a method of dye-sensitized photolabelinq of 
proteins (Brandt, et at., Anal. Biochem. 93 : 601 (1980). Although the technique is useful for such purposes 
as the study of the molecular arrangement of proteinaceous membrane components ( Id ) and protein 
conformation (Hemmendorff. et al., Biochem. Biophys. Acta 667 ; 15 (1981)), the techniqueToes not appear 
to introduce inter- and/or intra-molecular cross-links into the protein matrix. 

A dye-catalyzed process said to be useful for preparing thermostable, irreversibly cross-linked col- 
agenous polymers is described in U.S. Patent No. 3,152,976. This patent alleges that the product resulting 
from that process is characterized by certain physical-chemical properties similar to those obtained by prior 
art tanning processes. However, the data presented in that patent do not support a conclusion that the 
product of that process possesses the properties of products of prior art tanning processes which would 
make that product a useful biomaterial for such applications as vascular grafts, heart valves, pericardial 
patches, injectable collagen, or replacement ligaments or tendons. Instead, that reference states that the 
product is more susceptible to enzymatic degradation than "uncross-linked" collagen. Such results are of 
course totally contrary to the use of such a product as, for instance, a heart valve (imagine a heart valve 
digested by even the mildly proteolytic enzyme papain in hours, or even seconds, as described in Example 
VII of that reference). These seemingly anomalous results can perhaps in part be explained by the apparent 
motivation for making the invention described in that patent, namely the formation of "shaped articles" such 
as sponges or fibrils (sutures?), ostensibly of a type which can be implanted in the body without the need 
for subsequent removal. 

The results reported in the '976 patent can perhaps also be explained by a close examination of the 
process described therein. For instance, the reference describes the preparation of a "starting material" on 
wn.ch the process set out in that patent is conducted by dispersing collagenous material in aqueous acid 
solution. Acid has the well-known effect of denaturing the protein comprising the collagen fibril It is of 
course, the three-dimensional structure of the proteins comprising the collagen fibril which imparts to 'the 
fibril the unique properties of collagen; change that structure and the protein cannot interact in the manner 
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needed to give rise to those properties. A further explanation for the results described in that patent is 
suggested by P.H. von Hippie. "Structural and Stabilization of the Collagen Molecule in SoluUon < m 
Se on Collagen. Vol. °: Chemistry of Collagen. G.N. Ramachandran (Ed.), London: Academic Press 
Inc (London) Ltd. (1967). pp. 253-338 at 262). reporting that collagen molecules extracted by ac.d and 
neutral salt procedures differ in the extent to which they are covalently cross-linked, size, shape, interaction 
properties and rate of fiber formation. Although based on preliminary data such that the author was careful 
to point out that results had been reported by other investigators which did not show any d.fferences, 
subsequent experimentation supports the existence of such differences. 

In light of this prior art. it was surprising to find that photooxjdation of a protein .n the presence of a 
photo-catalyst and sufficient oxygen, under controlled conditions of pH and temperature, cross-l.nked and 
stabilized the collagen without stiffening the matrix like in conventional tanning processes. 

OBJECTS OF THE INVENTION 

An object of this invention is to provide an effective and efficient method for the non-specific cross- 
linking of proteinaceous materials. 

A further object of this invention is to provide a stable cross-linked product 

A further object of this invention is to provide a collagenous product, and a method of maktng that 
product, having physical-chemical properties which make that product suitable for use as a biomatenal for 
use as an artificial tendon, heart valve, or pericardial patch. ' 

A further object of this invention is to provide a product, and a method of making that product, wh.ch is 
not anttqenic when implanted in a mammal. 

A further object of this invention is to provide a product, and a method of making that product, which 

does not calcify when implanted in a mammal. ...... 4 J4 ■ u-~u 

A further object of this invention is to provide a product, and a method of making that product. wh,ch « 

not cytotoxic when implanted in a mammal and over which endothelial cells are capable of grow,ng. 

Other objects of the invention, as well as the several advantages of the invention. will be apparent to 

those skilled in the art upon reading the specification, the examples and the appended claims. 

SUMMARY OF INVENTION 

In accordance with the present invention, a process is disclosed which comprises: i) optionally soaking 
the material to be cross-linked in an aqueous buffer of high osmolality; 00 incubating the material in an 
aqueous solution including sufficient photooxidative catalyst to catalyze the formation of inter- and I in- 
tramolecular cross-links by oxidation of the material; and (iii) irradiating the material and the ^talyst of step 
(ii, with light that includes a range of wavelengths selectively absorbed by the catalyst Irradiation is effected 
under temperature and P H conditions, and an oxygen concentration, such that cross-linking of the material 
occurs. The present invention also relates to a cross-linked proteinaceous product produced by the above- 

^^Jracwsof the present invention provides cross-linked, stabilized proteinaceous products which are 
suitable biomaterials for use in the replacement and/or repair of diseased or damaged body tissues 
(medical prosthetics). When so used, the products of the present invention are superior to products 
previously employed, for they, retain the mechanical properties of the pre-treated matenal. that ,s. they 
remain supple and plaint In addition, the product is non-immunogenic. 

The product of the present invention is further advantageous in medical prosthetics due to Us stability. 
The cross-linked product resists in vivo degradation and calcification when implanted. Therefore ^^the cross- 
linked product of the present inventions superior to the biomaterials known ,n the art which are susceptible 
to ordinary proteolytic degradation and mineralization. 

BRIEF DESCRIPTION OF THE ORAWINGS 
Fig. 1 - Effect of catalyst/irradiation on protein cross-linking and stability as measured by the susceptibil- 
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ity of tissue samples to pepsin digestion. 

Fig. 2 - Effect of catalyst/irradiation on protein cross-linking and stability as measured by the susceptibil- 
ity of tissue samples to collagenase digestion. 

Fig. 3 - Calcification of implanted cross : linked tissue. Two glutaraldehyde cross-linked bovine pericardial 
samples (A and B) are shown (A = X, B = a), along with glutaraldehyde cross-linked porcine leaflets (o) 
and a sample of bovine pericardium cross-linked in accordance with the process of the present invention 


DETAILED DESCRIPTION OF THE INVENTION 


The term proteinaceous material as used herein includes both proteins such as collagen and protein- 
containing materials such as tissues. As a general rule, the particular proteinaceous material utilized as the 
starting material is determined by the intended use of the product and for that reason, the process of the 
present invention has particular utility for cross-linking collagenous materials. For instance, if it is desired to 
build a heart valve from the product of the process of the present invention, the preferred starting material 
is a material having a high collagen content such as the pericardium, for instance, bovine pericardium. If the 
cross-linked product is to be used as a vascular graft, such starting materials as the aortic arch of rats or 
other relatively small animals or the carotid artery of pigs, sheep, or cows are used to advantage. To make 
injectable collagen, finely ground reconstituted bovine skin collagen is used. Such materials are harvested 
from the donor animal and immediately immersed in cold buffered saline for storage, with frequent rinses 
and/or changes with fresh saline, until processed in accordance with the process described herein or 
solubilized or suspended if finely ground. However, any proteinaceous material containing tyrosine, 
tryptophan, and/or histidine residues is suitable for cross-linking by the present process. 

The proteinaceous material to be photooxidized is then immersed, dispersed, or suspended (depending 
upon its previous processing) in an aqueous media for processing in accordance with the present invention. 
Suitable media for immersion of the proteinaceous material (for purposes of convenience, the word 
"immersion " shall be considered to include suspension and/or solubilization of the proteinaceous material) 
include aqueous and organic buffer solutions having a neutral to alkaline pH, preferably a pH of about 6.5 
and above because of the denaturation caused by acid pH. Particularly preferred are buffered aqueous 
solutions having a pH of from about 6.8 to about 8.6. Examples of media that can be used herein include: 

1 . water or low ionic strength buffers; 

2. phosphate buffered saline; 

3. high ionic strength buffers (u = 1.75 - 3.0); and 

4. organic buffers containing potassium or sodium phosphate, or potassium or sodium chloride, such as 
a Good's buffer, (e.g., HEPES, TES or BES - Research Organics, Inc.) The media may also contain the 
photocatalyst, which is preferably soluble therein. 

In a particularly preferred embodiment, two media solutions" are utilized for what is referred to herein as 
"preconditioning" the collagenous material before irradiation. Trie material is "preconditioned" in that 
materials soaked in a first media solution and irradiated in a second are apparently better cross-linked, e.g., 
they show improved mechanical properties and decreased susceptibility to proteolytic degradation. The 
efficacy of the preconditioning is affected by the osmolality of the first media solution, it being preferred that 
solutions of high osmolality be used as the first media. Particularly preferred are sodium, potassium, or 
organic buffer solutions such as sodium, chloride, sodium phosphate, potassium chloride, potassium 
phosphate, and Good's buffers having a pH of from about 6.8 to about 8.6, the osmolality of which have 
been increased by addition of a solute such as 4M sucrose or other soluble, high molecular weight 
carbohydrate to between about 393 mosm and about 800 mosm. 

The solute added to increase the osmolality appears to have an adverse effect on the degree of cross- 
linking of the product when present during irradiation. Consequently, after soaking in the first media, 
collagenous materials are preferably removed therefrom and immersed in a second media for irradiation! 
The second media is preferably an aqueous buffered solution having a pH of from about 6.8 to about 8.6 in 
which the photo-catalyst is dissolved. Preferred second media are sodium and potassium phosphate buffers 
having a pH of from about 7.4 to about 8.0 and an osmolality of from about 150 to about 400 mosm, 300 t 
10 mosm being particularly preferred. 

When the material to be cross-linked is a piece of tissue, tendon, or pericardium, that sample is 
advantageously immersed sequentially in the first media and then in the catalyst-incorporated second 
media prior to photooxidation for a total period of time sufficient to allow tissue, dye, and medium to reach 
equilibrium before irradiation. When the ratio of the concentration of the medium to that of the material to be 
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cross-in^ is In the range o, ^^iS^Z^^^^ 
ratio of the concentrations is generally not «^'2iJ^ U S Httncei ^ e temperature of the media 
to reach equilibrium varies '^^.^^^t-a other sample of proteinaceous 
solutions, the osmolality of the first med.a. and the Mm> of the tissue , or otn p p 
material. As litde as a few minutes or as long as seve* ^ 
minutes tohours duration are generally suftoen tar ^^^^1^ is dependent upon the 
Generally speaking, the suitability of a catalystfor j» in the pnotosensitizer. The 

ability of the catalyst to be sensitized into an exited .^J" "^'^m have provided evidence 

pr ~r 0 ;Tc^^^ 

me preferred concentration ranges from about 0^01 to ^abou 0.1 J; q oduc( me fo „ owing steps 
To achieve maximum cross-I nk ng and st ah ration ot ™P soIubiliz ed in the reaction medium 
should be taken: (1) the photoox.dat.ve catalyst ^^^^^ COKalt ^ a ^ cta ^i l> 
prior to use to ensure that the desired W™***™* and (3) the catalyst 

""£L the present process invo^s primly ^ZS%^ ZSTZZ 
reaction, an adequate supply ^J^Sl of o'xygen in the atmosphere over the 
io concentration of about 20% by volume (reierring ro i from 
media) is preferred to assure sufficient upon me temperature at 

becoming rate limiting, concentrates > 0 up to 25 ^ are J requirement can be met. for 

which the proteinaceous material is held during f^^lorsZ^^Z reaction process. 

if concentrations higher than about 20 /« are oes reo, oy » " „ , mn direct | y 

As with other catalytic or kinetic-type rea c ons toe tempe ilU™ media ranging 
,o affects the reaction rate and the oxygen available in «»^™ ^^Zm indicate that as the 

in P H from about 6.8 up to about 7 A and drops in roughly linear fashion 
temperature of the media increases from 4 to 50 C. oxyge * p y invention 

from about 11-12 ppm to about 5 be maintained during 

is exothermic, and it is, therefore, preferred that a relatively _eorw v 

. irradiation to prevent denature, ion Ictnt fo maintainlhe temperature 

media by the increase in temperature. Usually, i rec cuiaung dm controlled 
within the jacketed reaction vesse. or <^**»°™""J£ ^disclosed herein, photooxidation 
environment such as a refrigerator or freezer w 'l work » shQwn l(J be Me: tne 

conducted at te-^atures rangmg . o m about -2 . C to 0 C ^ ^ ^ 

Likewise, temperatures above .he freezing point o, J> concentration 

The combination and/or interaction , of ti,e van le ° 
described herein is believed not to have been previously mm as « h id heat 

55 Hence, the process of the P^"'— 

during CTOSS-Hnking KK^S^ ~ «" ^ 

t ^*'media In J* the proteinaceous material is immersed dunng irrad.ation. 
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Once the solution, suspension, or sample Is prepared, it is photo-irradiated, preferably in the second 
media solution and in a controlled system therein temperature, distance to light source, irradiation enerov 
and wavelength, oxygen concentration and period of irradiation can be monitored and/or maintained 
Photoox.dat.on is generally achieved using incandescent white light or fluorescent light. i.e., visible liaht or 
t 0* I portion of light in the visible range that is absorbed by the catalyst Light sources such as household 
bulbs, fluorescent lights and flood lamps are suitable for use herein. 

The intensity of the light employed, and the time required to cross-link a given proteinaceous material 
will vary depending upon several factors. These factors include: (1) the type and amount of proteinaceous 
matenal; (2) the thickness of the tissue sample; (3) the distance between the proteinaceous material and the 

' 3 r 0 ".. S0U ' Ce; W 1,19 Cata ' ySt ^P' 0 ^: ( 5 ) »• concentration of catalyst and (6) the type and intensity 
of the ight source. For instance, exposure time may vary from as little as a few seconds up to as much as 
about 160 hours. With regard to the intensity of the light, one or more lights may be used of intensity 
preferably ranging up to about 150 watts, preferably held at a distance from about 2.5 cm to 12 cm from 
the sample surface. Greater exposure time is required when fluorescent or lower power lights are utilized 
These ranges a/e quite variable; however, they may be easily determined for a given material without resort 
to undue expenmentation using the disclosure and examples provided herein as a guide. In a presently 
preferred embodiment, the intensity of the light and the exposure time is conveniently expressed in lumen 

*Z«™^ en C T m °" " uorescent B 9 h,s » as «9ht source, a range of from about 100 to 
about 20.000 lumen hours is utilized for cross-linking most samples of proteinaceous material 

Evidence of the cross-linking of proteinaceous material by photooxidation in the presence of a catalvst 
in accordance with the process 6f the present invention is provided by several tests For instance 
pohjacrylam.de gel electrophoresis of the irradiated material in sodium dodecylsulfate (for example 0 1%)" 
1*™ „ cra ss-nnking by a significant decrease in the amount of lower molecular weight materia 
" , Slmu ,aneous prance of high molecular weight material. While amino acid analysis o 
his^tii h J r ° SS ; lln , ked P roteinaceous material demonstrates a paucity of methionine, tyros ne and 
histod.ne (all destroyed by photo-catalytic oxidation), this reduction is not necessarily evidence of cross- 

!«r 9 ,' M° r ! XamP • " C0 " a9en iS treated with soluH011 . derivation of tyrosine and hisBdine occur 
essentially eliminating these amino acids from an amino acid profile without cross-linking, as evidenced by 
the lack of change in the gel electrophoreSc patterns. eviuencea oy 

Further evidence of cross-linking is provided by solubility and digestibility tests such as those set forth 
n he examples that follow. For instance, cross-linked collagen is generally insoluble such that solubility 
tests provide direct evidence of the degree of cross-linking. The digestibility tests involve incubation of the 
proteinaceous product with a proteolytic enzyme such as papain, trypsin, pepsin, or bacterial collagenase 
and the subsequent testing of the media in which the product and enzyme are incubated for soluble 
degradation products of the cross-linked product. The test is generally accomplished by pelletizinq the 
undigested, cross-linked product and the enzyme by centrifugation and testing the resulting supernatant for 
degradation products. The latter is particularly useftil in light of the destruction of the amino acid histidine 
by photooxidation; analysis of the supernatant for histidine content and a comparison of that content to the 
amount of an amino acid such as hydroxyproline, which is not destroyed by photooxidation in the 
supernatant provides a particularly sensitive assay Tor the degree of cross-linking. This comparison can be 
advantageously ex pressed as a ratio of histidine to hydroxyproline (his/hyp ratio), higher his/hyp ratios 
being indicative of more effective cross-linking. »w"yp raiios 

nhJlLnT 35 ,f closed ,. herein is earried out in a batch, intermittent, or continuous manner. Following 
photo-.rrad at.on. the cross-.mked product is advantageously subjected to various treatments for the removal 
of the catalyst and other chemicals or impurities found therein before being used as a vasular graft heart 
vave leanet. or other uses listed above. Multiple rinses in a fresh buffer solution are. for example 'used 
followed by a least partial de-watering with, for instance, elhanol. The number of rinses and the volume of 

SLSEST depends upon me mass of me Bssue or me suspended material - the cata * st 

The following non-limiting Examples describe the invention in further detail. 


1. Pure Collagen Fibrils Cross-linked at 18* C 


literTn n n9 m h ski " co " a 9en fibrils (0.25 grams) were mixed and suspended in 0 065 

IT, 1 7- P SP 3,6 PH ?A C ° ntainin9 00,% (wtfvo " me,h * ,ene *™- The collagen 

fibnls were irradiated ,n a jacketed water bath maintained at 18' C. A thermometer was placed in tf^e 
reactmn vessel to monitor the temperature. Two ISO watt floodlights held about 6 cm or 2.4 Inches from the 
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Sll i. medium causing an ei.va.ion in •» hour, The temperature 

The Hants remained on and the ---J^ Titled at about 18* C tor the 
s reached an initial maximum of 45 C wh.ch was tner > ™ u ™° - . h , d at a teve , 

remainder of the reaction period. The Z^Z^ S^cZZ^Tcpen to the atmosphere . 
sufficient to insure adequate oxygen in the media by keeping me reacuon 

while stirring the reaction mixture vlQorew*. cross-linking proteinaceous material when neither 

The disclosed process was deemed to ^ My aoss „ 

,o heating of me collagen product to 65 C |d a|s0 solubi | iM the native collagen) was 

■SMSSSKr - ist- — - — ' 

is 2. Pure Collagen Fibrils Cross-linked at 0_£ 

^ssur^r A isOTi M *^'K^.-js 

Mian, mu cm e ™ « 2.4 «m m i «. ^1 ^, oMW , „ „ ^* „ 

digestion was employed to test the cross-Hntag and stab. Iity of esultin * C <k 

linked collagen product. 

30 

3, Cross-linking of Reconstituted Soluble Ccjlagen Fibrils 

' Soluble coHagen was extracted from 2 SZSZXSZ 
35 collagen iibrils were irradiated under ^ samples of *e ^constituted fibrils at room 

6, V6. 24. and 48 hours. Attempts ^J^^J^^^J^ as well as in 0.250 ml of 0.1 M 
temperature after they were cross-lmked in 0.25 *lo» <W M aceac a (non . cross , inked ) fibrils 

TRIS-borate buffer pH 8.6 containing 4 M urea and IOZ* s0 | ut i 0 ns. The collagen 

dissolved readily at 0 C and rapidly at roorr J.^^^^^ ^ wbjactod to PAGE 
« suspensions failed to d.ssolve when hea ed ^^^^^ th P a t dissolved showed normal elec- 

SESTET.. - - — < «" ~ « ° n the gel - 

the electrophoretic patterns were extremely light and barely r visibly cross ., in king reaction. 

50 

4. Cross-linking Bovine Pericardium Tissue 

""^odiHed water .acketed -«o«-^ 
55 rS^^^-S^^ « samples. Individual samples were 
M SSiSm the vesse. after periods ranging from »£™Z£ZS!?» sodium chloride with a a 
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15 


20 


25 


30 


were equilibrated with the above solution, placed in the apparatus with the medium which was continuously 
stirred using a magnetic stirrer. The reaction vessel was then irradiated while the temperature of the 
medium was held at about 0 C. After various periods of time, the tissue samples were removed from the 

^1 a « n t bY SOakin9 * = °' 164 SOdium P h0S P hate buff er (PH 7.4) until the samples were 

substantially free of the catalyst. 

To test the effect of the catalyst and the irradiation separately, and the catalysWrradiation combination 
on tissue, control samples containing no catalyst or catalyst but no irradiation were run in the above 
' e fl ac !° n n A Afler Washmg f0r 12 days ' cnan 9ing wash solution three times per day, with 0.1 M NH*HC0 3 pH 
7.9, 0.001 M CaCI 2 solution, the cross-linking and stability of the resulting protein products were evaluated 
based on the susceptibility of the tissue samples to pepsin digestion in a 1% pepsin solution in 3% acetic 
acid at 4 C for 24 hours. Reaction of the samples with the enzyme was performed for varied periods of 
time. The results are depicted in Figure 1 . 

Typically tissue samples irradiated for from 2.5 to 22 hours in the presence of the methylene qreen 
showed significant decreases in the solubility of the protein as compared to the controls. Moreover a 6 hour 
pepsin digestion of the control tissue yielded approximately 30 nM hydroxyproline (hyp) per mg of tissue 
™^L* e T* d ' 9 f Sti ° n ° n 3 tiSSUe Sampl8 irradiated for 22 hours in P resence of methylene green 
IIS^l^^ ^ 10 ^ ° ,ear,y ^ Pf0CeSS SUCCessfu,| y cross-linked a nd 

5. Effect of Reduced Tissue/Volume of Catalyst 

Samples of bovine pericardium were soaked in 3.0 M KCI, u = 0.167 potassium phosphate buffer and 
then fewer p,eces of pericardium than utilized in Example 4 were placed in that same buffer including 0 1% 
methylene green under the same reaction conditions as described in Example 4 and exposed to light for up 
oifJ '"^^^riments. digestion with pure bacteria! collagenase (1% collagenase solution in 

i f J? 1 ' PH 7 5 ' n M CaC ' 2 at 37 C for 6 hours > was used 10 evaluate cross-linking and 

stability. The control sample yielded 206 nM hyp per mg of tissue, whereas the sample irradiated for 22 
hours yielded 36 nM of hyp per mg of tissue. These results are depicted in Figure 2. The reduced tissue 
susceptibility to collagenase digestion demonstrated the successful stabilization of the tissue 


45 


50 


55 


6. Cross-Linking of Soluble Collagen Rbrils 

-Soluble collagen was prepared by extraction of two-year old bovine corium with 1% acetic acid 
Collagen was purified by salt precipitation from the acetic acid solution and two low ionic strength dialyses' 
then dissolved in 1% acetic acid and reconstituted into fibrils by dialysis against 0.02 M sodium phosphate 
buffer, pH 7.4. Aliquots of the reconstituted collagen were immersed in 0.02 M sodium phosphate buffer pH 
7.4 containing 0.01% methylene green in aluminum-foil covered flasks. The flasks were held at 4* C in a 
water bath while bubbling atmospheric air therethrough under two 150 W flood lamps for 24 hours at a 
distance of about 3 cm and the foil removed from a selected number of flasks. 

Rbrils from irradiated and non-irradiated aliquots were dialyzed against 0.02 M sodium phosphate 
buffer pH 7.4 to remove the dye and then centrifuged and placed in 3% acetic acid. The non-irradiated 
fibrils dissolved in the acetic acid while those that were irradiated remained insoluble, even after heatinq to 
IT 9 th3t the irradiated fibrils nad Deen effectively cross-linked. When the supernatent from the 
coHagen *** hydr °' yZed f0r hyp content ' 0009 was found ' confirming the cross-linking of the 

Fibrils from irradiated and non-irradiated aliquots were also dialyzed for seven days with three changes 
per day against the same sodium phosphate buffer until free of catalyst. A few grams of DOWEX 50 X8 
resin (20-50 mesh) in the H form was included with the dialyzing fluid to absorb the catalyst Samples of 
each irradiated and non-irradiated fibrils were then hydrolyzed with 6 N hydrochloric acid for 24 hours at 
110 C in vacuo . The hydrolysates were dried and about 50 mg at a time was subjected to molecular sieve 
chromatography on a BIO-GEL P2-400 mesh column (1.6 x 100) that had been equilibrated with 0 1 M 
acetic acid ad calibrated, with a 5 mg acid hydrolyzate of Na^-reduced collagen fibrils. The column was 
monitored by taking small aliquots of the fractions and developed color for amino acids by ninhydrin and 
scintillation counting of the radioactivity. Void volumes (fractions 33 to 48) of natural cross-links of collaaen 
(cross-link fractions) were pooled, lyophilized and subjected to amino acid analysis. 

In comparing the amino acid chromatograms from the irradiated and non-irradiated fibrils six distinct 
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new peaks appeared in the hydrolyzate from the irradiated fibrils between phenylalanine and hydroxyzine. 
Except for histidine (his), this, area is usually a blank area in a non-irradiated chromatogram, and the 
presence of these high molecular weight substances is indicative of the formation of cross-linked ammo 
acids formed by photooxidation with the dye. Further indication was provided by the absence of his in this- 
5 . area, his being destroyed by photooxidation. 

7. Effect of Increased Osmotic Pressure on Cross-Unking 

w A rectangular illumination cell was constructed from clear plastic with an outer jacket of the same 
material and tubes communicating with the inner chamber for circulation of media and dye. A frame, 
comprised of narrow strips of plastic including spaced holes therealong for suturing tissue samples thereto, 
was constructed in a size fitting into the inner chamber of the cell. After suturing a piece of bovine 
pericardium to that frame and inserting the frame into the inner chamber, a media comprised of 2.8 M 

75 potassium chloride, u = 0.164 potassium phosphate buffer, pH 7.4, including 50% sucrose, was circulated 
through the inner chamber of the illumination cell. After soaking in the high osmotic pressure media, the 
tissue was incubated with the media including methylene green as described in Example 5, above and 
illuminated for 24 and 48 hours by two 150 watt flood lamps at a distance of about 4.5 cm while holding 
temperature at between - 2* C ard 6* C. t 

so After irradiation, smalt pieces of tissue from each sample were digested with pepsin or bacterial 
collagenase as described in Examples 4 and 5. The following ratios of hyp/mg of tissue in en 2 yme columns 
clearly demonstrate the cross-linking of the tissue samples. 


25 


30 


Time of Irradiation 

Pepsin 

Coltagenase 

(hrs.) 



0 (Control #1) 

26 

314 

{Control #2) 

31 

314 

24 (Sample #1) 

0 

410 

(Sample #2) 

0 

290 

48 

0 

303 


35 


Additional tissue samples were further stabilized (without apparent change in their tactile properties, e.g., 
tissue texture and suppleness) by reduction of the newly formed iminium bonds by immersion in a solution 
of NaBH* for one hour as demonstrated by the following hyp/mg ratios: 


40 


45 


Time of Irradiation 

Pepsin 

Collagenase 

(hrs.) 



0 (Control #1) 

26 

314 

(Control #2) 

7 

208 

24 (Sample #1) 

0 

180 

(Sample #2) 

0 

170 

48 

0 

170 


For purposes of comparison, when a commercially available pericardial patch prepared by glutaraldehyde 
so tanning was subjected to pepsin digestion at 25' C and 4*C. ratios of^O and 16 nM hyp/mg of tissue, 
respectively, were obtained, and when digested with collagenase at 37 C, 32 and 35 nM hyp/mg tissue 
ratios were obtained. 


55 8. Cross-linking of Rat Collagen . 

Soluble BAPN rat type I collagen in 0.5 M HAc was divided into six 4 ml samples and each sample 
placed in a dialysis bag with 300 mg NaCI (no salt was added to sample 5 and 6). Samples were dialyzed 
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into the high osmotic strength buffer described in Example 7 (samples 5 and 6 were dialyzed into 
phosphate buffered saline (PBS), pH 7.4) and 2 ml of 0.2% methylene blue. Samples 2 and 3 were 
transferred to buffer including 0.1% methylene blue in PBS, sample 4 was transferred to PBS including 
0.01% methylene blue, and samples 5 and 6 remained in PBS. Sample 2 was exposed to a 150 watt white 

s floodlight located about 7 inches from the surface of the fluid while holding temperature between about 8 
and 12. O for eight hours, samples 3 and 4 were exposed for 24 hours under the same conditions and 
samples 5 and 6 were exposed for two hours under the same conditions. All samples were then dialyzed 
back into HAc until the solutions were no longer blue and then analyzed by SDS-PAGE as described in 
Example 3, above. The samples exposed for 24 hours were more cross-linked than those exposed for eiqht 

m hours, and all samples were more cross-linked than samples 5 and 6. 

9. Reduced Calcification in Growing Rats 

is Using the conditions described in Example 3, a series of tissues were prepared and implanted 
subcutaneously into the belly of growing three week old rats. The control tissues were commercially 
available glutaraldehyde cross-linked bovine pericardium (Pericard-A and Pericard-B) and porcine leaflets 
(GL). As can be seen in Figure 3. the tissue treated according to the invention did not significantly calcifv as 
compared to the commercial tissue. 


10. jn vivo Biodegration 

Bovine pericardium samples treated as described in Example 3 were implanted subcutaneously into the 
belly of adult 6 month old rats. Fresh pericardium was used as a control. After three months of implantation 
the fresh tissue had resorbed while the treated pericardium remained intact, again demonstrating the cross- 
linked nature of the collagenous material. 

For purposes of completing this disclosure, all of the references cited hereinabove are hereby 
incorporated by reference. While the present invention has been described in detail for purposes of clarity 
and understanding, it will be clear to one skilled in the art from a reading of the disclosure that changes can 
be made in form and detail without departing from the true scope of the invention. 

The features disclosed in the foregoing description, in the following claims and/or in the accompanying 
drawings may, both separately and in any combination thereof, be material for realisinq the invention in 
diverse forms thereof. 

Claims 

1. A process for cross-linking proteinaceous materials comprising: 

incubating a sample of a proteinaceous material to be cross-linked in an aqueous media solution containing 
a photooxidative catalyst capable of donating electrons to the proteinaceous material when excited by 
incident light, the media solution being buffered to a pH in the range of from 6.8 to 8.6, for a period of time 
sufficient to allow equilibration of the concentrations of media solution, proteinaceous materia!, and catalyst 

irradiating the proteinaceous material with light in the presence of oxygen for a period of time sufficient to 
cross-link the proteinaceous material by transfer of electrons from the catalyst to the proteinaceous material 
while maintaining the pH of the media solution in the range of from 6.8 to 8.6 and holding the temperature 
m the range of from -2 to 40 C to maintain the oxygen concentration in the media solution. 

2. A process according to Claim 1, wherein the pH is maintained in a range of from 7.4 to 8 0 

3. A process according to Claim 1 or 2, wherein the oxygen concentration in the media is maintained during 
irradiation by maintaining the oxygen concentration of the atmosphere above the media at greater than 0 up 
to 25%. 

4. A process according to Claim 3. wherein the oxygen concentration of the media during irradiation is 
maintained by maintaining the oxygen concentration of the atmosphere above the media at from 5 to 20°/ 

5. A process according to any one of the preceding claims, wherein the proteinaceous material is irradiated 
for from 100 to 20,000 lumen hours. 

6. A process according to any one of the preceding claims, wherein the proteinaceous material is soaked in 
an aqueous buffer solution before being incubated in the aqueous media solution. 
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7, A process according to Claim 6, wherein the osmolality of the buffer solution is in the range of from 393 

8° AprocesT according to Claim 7, wherein the osmolality of the media solution is in the range of from 150 

s 9° A°proce S s? according to any one of the preceding claims, wherein the temperature is maintained in the 
range of from 0 to 25* C. 

10. A cross-linked product producible by the method of: 
soaking collagen molecules in an aqueous medium; 

equilibrating the collagen molecules with a photooxidative catalyst; and 
,0 thereafter oxidizing the collagen molecules to form cross-linkages therebetween by inducing the transfer of 
electrons from the photooxidative catalyst to the collagen molecules in the presence of oxygen by exposing 
the collagen molecules to light while holding temperature and pH at levels sufficient to maintam the oxygen 
concentration in the aqueous medium. 

11. A product according to Claim 10, wherein the medium is buffered to a pH in the range of from 6.8 to 

12. ' A product according to Claim 10 or 11, wherein the concentration of catalyst is in the range of from 

0.0001% to 0.25% w/v. • 

13. A product according to Claim JO, 11 or J 2, wherein the collagen molecules are photoox.d.zed at a 
temperature in the range of from -2* C to +40* C. t 

20 14. A product according to any one of Claims 10 to 13, wherein the collagen molecules are .rrad.ated for 
from 100 to 20,000 lumen hours. . . 

15. A product according to any one of Claims 10 to 14, wherein the osmolality of the aqueous med<um is in 

the range of from 150 to 800 mosm. . 

16. A product according to any one of Claims 10 to 15. wherein the catalyst is dissolved in the aqueous 

25 buffer. 
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© Process for cross-linking collagenous materials and resulting product. 

© The present invention relates to a process for 
cross-linking a proteinaceous material. The process 
comprises: 

i) soaking the material to be cross-linked in an 
agueous solution of high osmolality; ii) incubating the 
material in an agueous buffer including an amount of 
a photooxidative catalyst sufficient to catalyze 
photooxidation of the material; and iii) irradiating the 
material and the catalyst of step (i) with light that 
includes a range of wavelengths selectively ab- 
sorbed by the catalyst. Irradiation is effected under 
conditions such that cross-linking of the material 
occurs. In a further embodiment, the present inven- 
tion relates to a cross-linked product produced by 
the above-described method. 
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